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FOREWORD

This report was prepared by the Research Triangle Institute,
Research Triangle Park, North Carolina, on NASA Contract NAS1-5225,
"Study of the Electron Irradiation Effects on Capacitor-Type Micro-
meteoroid Detectors'"., This work was administered under the direction
of the Instrument Research Division at Langley Research Center. Charles
C. Laney was project engineer for NASA.

This investigation began in June 1965 and was concluded in June
1966. It was performed by the Solid State Laboratory of the Research
Triangle Institute under the general direction of Dr. R. M. Burger.
L. K. Monteith, J. R. Hauser, and T. M. Royal are the authors of this

report, The authors are indebted to H. B. Lyon for his contributions
to the research effort.

This report is directly related to earlier reports: "Theoretical
Analysis of Operational Characteristics of Micrometeoroid Capacitor
Detectors' dated April 1964 and prepared under Contract NAS1-3343 and
"Study on the Electron Irradiation Effects on Capacitor-Type Micro-
meteoroid Detectors', NASA CR-312, October 1965.
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ABSTRACT

S R2ZS

External charge transfer resulting from electron irradiation of
mylar has been observed and a phenomenological model developed which
includes space charge build-up, transport of charge during irradiation
and the decay of space charge after ceasing irradiation. The spatial
symmetry does not strongly influence the external charge transfer
characteristics. The depth of trap filling and the spatial extent of
trapped charge are the major factors in determining the external charge
transfer., The model has been shown to be in reasonable agreement with
the experimental observations,

Charge storage resulting from electron irradiation of a capacitor
structure using mylar can result in spontaneous discharge events. The
spontaneous discharge characteristics depend upon the irradiation
electron energy and the flux rate. At flux rates comparable to the
Van Allen flux rate, irregular discharge events with a pulse height less

than 1 volt were observed. For flux rates in excess of 1012 e/cmz-sec
regular puising with a pulse height the order of 100 volts was observed.
These can be interpreted as partial and complete liberation of the

trapped charge respectively.
%o;/, -
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CHARGE STORAGE EFFECTS IN MYLAR

RESULTING FROM ELECTRON IRRADIATION

By L. K. Monteith, J. R. Hauser and T. M. Royal
Research Triangle Institute

SECTION I

INTRODUCTION

Under NASA Contract NAS1-3892, charge storage in polyethylene

terephthalate* (PET) was observed resulting from irradiation with
energetic electrons (Ref. 1). A phenomenological model which agrees
with the kinetics of the space charge decay was developed. The model
combined the concepts of charge release from traps with electrostatics
to obtain an estimate of the internal electric field which resulted
from space charge build-up. The assumptions used to arrive at a rea-
sonable model were such that only minimum values could be inferred.
Under NASA Contract NAS1-5225, the model has been extended to include
space charge build-up and transport of charge during irradiation and
the decay of trapped charge after ceasing irradiation. Four spatial
distributions of trapped charge have been included in the model and it
has been possible to account for the release of charge from traps and
the resulting changes in the trapped charge asymmetry for each
distribution.

There has also been evidence obtained from many sources which
demonstrates that the charge storage associated with electron irradi-
ation can result in spontaneous discharge events (Refs. 2,3). Pulse
heights and rates as a function of numerous irradiation parameters
have been obtained experimentally. These data for PET indicate that
there are at least two operative mechanisms assoclated with spontaneous
discharge. Irregular pulse rates and pulse heights the order of a volt
or less can be logically interpreted as discharges occurring either due
to excessive charge build-up in a localized region or due to the ioni-
zation of a localized region where the field strength is less than that
for most of the irradiated volume. Full discharge events are those for
which most of the space charge is liberated. Data indicates that the
irregular pulse rates and pulse heights are more likely at least for
irradiation flux rates comparable to those expected in the Van Allen
belts.

*
Dupont Mylar




SECTION II

IRRADIATION CHARGE BUILD-UP AND RELEASE

This section investigates the model used to describe the charge
build-up and decay as a function of time. A one carrier model is used
with the discussion in terms of electrons. It is assumed that a band

model is applicable with traps in the forbidden band below the conduc-
tion levels,

The equations describing the free electron density n and the trapped
electron density n _ are Poisson's equation, and continuity equations for

trapped and free charges. For a single trap level, these equations are
(neglecting carrier diffusion)

V.F-= % [n - n + n - nto] , (1)
ant
St - cnn(NT - nt) - sn, exp(-Et/kT) , 2)
on
Bog. o, 3)

where <, is the capture coefficient, NT is the total trap density, s is
an attempt to escape frequency, Et is the trap energy measured from the

conduction band, and G is the rate at which electrons are generated per
unit volume,

For distributed traps, the above continuity equation for trapped

electrons applies only to a small increment oo of trapped electroms,
i.e.,

~c - cnn(ANT - Ant) - SAnte-E/kT s (4)

where on is the density of trapped electrons in an energy interval AE
at an energy E below the conduction band, and ANT is the trap density

in this energy interval. A continuity equation for the total density

of trapped electrons can be obtained by integrating the above equation
over all trap energies. The form of the continuity equation obtained
depends upon the assumed distribution of traps with energy below the con-
duction band. Three distributions are of special interest as approxima-
tions to the physical situation. These are:




P (a) Single trap level

NT = NTB(E - Et) (5)

(b) Uniform trap density

JE kT
(¢) Exponential trap density
aNT B
SE - ET: exp(-E/ch) . €))

The derivation of the continuity equation for trapped charge is given
in Appendix A for the above distributions,

For a uniform trap distribution, the normalized equations describing
electron build-up and decay are

*/, . _
BT = Cn n (NT - nt) - exp(nt) ’ (8)
- on
B\ _ti5+2GiE, 9
dt dt ox
.:F;;=-(a-ao+at), (10)

A program has been written to solve these equations by a computer.

In considering the release of trapped electrons, it is useful to
consider the various time constants associated with the terms in the
continuity equations. There are three time constants of interest:

(1) the trapping time for free electroms,
(2) the release time constant of trapped electrons, and
(3) the transport time for free carriers out of the material.

The last two time constants depend upon the magnitude of trapped charge.
For typical parameter values, it is found that the free carrier trapping
time constant and the free carrier transport time constant are much less.
than the release time constant for trapped carriers. This indicates that

the time behavior of the charge release is determined mainly by the na-
ture of the traps.




The different physical processes (i.e., trapping, transport, and
charge release) and associated time constants lead to difficulties in
a straightforward attempt to solve the three above equations. It is
found that the free electron concentration can change very rapidly by
trapping and transport to reach a state of ''quasi-equilibrium” where
on/ot << Bnt/Bt. When this occurs, difficulty is encountered in the

continuity equation for free electrons since dn/dt is the small dif-
ference between large terms which are approximately equal.
The above conclusions have been verified by a computer solution of

the equations for n and n_. Regardless of the initial free electron

concentration, it rapidly adjusts in times on the order of the electron
transit time across the material to a value such that dn/dt << Bnt/at.

In studying the build-up and the decay of trapped electrons, the contin-
uity equation for electrons has been replaced, therefore, by the equation

B - epG) 6+ G ED . QD
ox

This leads to a differential equation for n as a function of n_ and x
which is

Fon _
dx

1
=

[ﬁn (ﬁt +n - ﬁo) + En (ﬁT - ﬁt)] n+G exp(ﬁt) = 0. (12)

This equation combined with the continuity equation for trapped charge
and Poisson's equation are the three equations used for calculating
charge build-up and decay. It was also assumed that n, >> n which is

the case except at very large densities of trapped charge (n ~ NT) or
at very small densities of trapped charge.

The method of solving for the free and trapped charge is briefly_
described below. The initial trapped charge and the generation rate G
are considered as known as well as the constants cn, NT’ T and n .

With the initial trapped charge, Poisson's equation is solved for the
electric field (n - n, <<n ) The boundary conditions on the electric
field are

xn
o

Ik
5 (13)

which corresponds to the shorted electrode case. With F known, the free
electron concentration is calculated from the differential equation for
n. Then Bnt/at can be evaluated and this used to extrapolate to a new

time to obtain ﬁt at a later time. The process is then repeated for

any desired time interval. Further aspects and difficulties in the solu-
tion of the equations are discussed in Appendix B.




It can be seen from the basic equations for ﬁt < NT and for
on/dt << Bﬁt/BE that the shape of the build-up and decay curves depend
upon the combination of parameters

Calp - (EEE (NT ) nto)cn (14)
- qTB Hy ’
My
and
- Tc -
G = Ths exp(NT) G . (15)

This is an important consideration since it is possible to study all
parameter variations by changing only these two quantities. These
parameters are discussed in detail in Appendix C. A value

En ﬁT/ﬂn = 1.7 was principally used for the computer calculations.

However, in a few instances, values of ¢, NT/un = 0.17 and . NT/un = 17

were used to indicate the behavior expected with a variation of these
parameters. Spatial distributions were chosen to approximate the
physical processes which result in the slowing down of the irradiation
electrons to thermal velocity. The following results are obtained
considering only a uniform trap distribution with energy. For external
charge transfer, the data are presented for times larger than 60 seconds
following the start of trapped charge decay. This corresponds to the
experimental procedures outlined in Appendix D,

EXTERNAL CHARGE TRANSFER FOR
VARIOUS DEPTHS OF TRAP FILLING

Using a uniform spatial distribution of trapped irradiation elec-
trons as inferred from the results obtained under NASA Contract NAS1-3892
(Ref. 1), the external charge transfer for various depths of trap filling
has been considered. The trapped charge is initially assumed to be uni-
formly distributed to a depth of one-half the total thickness of the
sample., Ratios of the total external charge transfer to the total ini-
tial charge in traps o have also been calculated. The results are shown
in Fig. 1. The salient feature of the results is the 1ln t behavior over
some portion of each curve. Also, the external charge transfer reaches

a maximum between 104 and 105 seconds with approximately 5 percent of
the total initial charge in traps observed in the external circuit.

The corresponding external current as a function of time for the
various depths of trap filling are shown in Fig. 2. It should be noted
that the current does not have a simple 1/t behavior. Imitially, the
current decreases less rapidly that 1/t and only approximates 1/t for a
portion of the decay time,
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EXTERNAL CHARGE TRANSFER FOR VARIOUS
SPATTAL DEPTHS OF TRAPPED CHARGE

Using a uniform spatial distribution of trapped charge extending
from the irradiated boundary to various fractions of the total thick-
ness of the sample, the external charge transfer has been computed as
shown in Fig. 3. Again, the transfer of external charge has a In t
behavior for some portion of each curve. The maximum fraction of the
initial trapped charge which can be detected by external charge trans-
fer has been calculated with a maximum value of 6 percent obtained when
the trapped charge is distributed uniformly to a depth slightly less
than one-half the sample thickness. The corresponding characteristics
for external current during space charge decay are shown in Fig. 4.

c NT

.

EFFECT OF CHANGING THE PARAMETER

n

The spatial distributions as a function of time during space charge

decay for mobility values of 1, 0.1 and 0.01 cm2/v—sec are shown in
Figs. 5, 6 and 7, respectively. The initial depth of trap filling and spa-
tial symmetry was identical for each case and the same as considered in
Fig. 1. The main affects of changing the mobility are (1) the rate of
space charge decay in the initial trapped charge region and (2) the
rate of charge build-up in the region beyond the initial trapped charge
region. For the high mobility case (Fig. 5), the carriers are trans-
ported to the boundaries essentially as they are released from traps
(i.e., no-retrapping). When this occurs, there is little change in

the symmetry of the trapped charge and the external charge transfer is
only a small portion of the initial trapped charge. For the low mobil-
ity case (Fig. 7), there is appreciable retrapping of the carriers in
the space charge region resulting in a slower rate of space charge
decay. 1In addition, essentially all the electrons released from traps
to the right of the zero field point are retrapped in the region be-
yond the initial space charge front. This approaches the simple model
considered in Appendix D.

Shown in Fig. 8 are the effects of mobility on retrapping in the
space charge region. The curves show the decay of charge from traps.
The high mobility case approaches the no-trapping release considered
under NASA Contract NAS1-3892 (Ref. 1). As the mobility decreases, re-
trapping reduces the rate of space charge decay.

The external charge transfer for the three mobility values are
shown in Fig. 9. Again, the curves show a ln t behavior for some portion
of time for each value of mobility. However, the maximum fraction of
the initial trapped charge detected as external charge increases with de-
creasing mobility. This fraction is approximately 0.2 percent and 7

percent for 1.0 cm2/v-sec and 0,01 cm2/v-sec, respectively. It is inter-
esting to note that the simple model in Appendix D predicts a fraction
of approximately 7 percent. An important conclusion that can be drawn

B
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from these results is that the space charge decay model is useful for
}ntgrpgeting experimental results only for those materials where
c, NT/un > 1.

SPATIAL DISTRIBUTIONS FOR TRAPPED CHARGE

A uniform distribution has been used in the above analyses. Other
distributions have also been considered to investigate the effects of
various distributions on the transfer of external charge. A distribu-
tion for the transmission of a monoenergetic electron flux in PET has
been calculated by M, Berger (Ref. 4). From these results, a stopping
distribution has been obtained as shown for the initial trapped charge
(t = 0) in Fig. 10. The decay of space charge for this initial distri-

bution has been calculated for By = 0.1 cmz/v-sec and T 0.01 cmz/v-sec

as shown in Figs. 10 and 11, respectively. A linear spatial distribution
of trapped charge has also been considered as shown in Fig. 12, The main
feature of these decay curves is the manner in which the space charge
distribution approaches the uniformly distributed case. For the peaked

distribution this effect is more notable for pu = 0.01 cm2/v-sec. This
will also be true for any spatial distribution when <, NT/ﬁn > 10. When

this applies, the external charge transfer for an arbitrary spatial dis-
tribution is expected to have many of the characteristics of the uniform
spatial distribution. A comparison of external charge transfer for two
distributions is shown in Fig. 13. 1In this case, the external charge
transfer curves have been normalized to the total initial trapped charge.
Both curves exhibit approximately a ln t behavior for some portion of
the decay, however, the peaked distribution results in a larger fraction
of the total initial trapped charge transferred in the external circuit.
The differences between these curves do not appear to be significant
enough to permit an inference of the initial trapped charge spatial dis-
tribution from the charge transfer characteristics.

TRAPPED CHARGE BUILD-UP

In the previous sections, an initial trapped charge distribution
has been assumed and the decay from this distribution has been investigated.
In order to determine a realistic trapped charge distribution, one must
first use the model to calculate the space charge build-up. Space charge
build-up using a generating function G which is constant from the irradiated
boundary to a depth of % the total thickness is shown in Fig. 14 for var-

lous irradiation times with a mobility oy = 0.1 cmz/v-sec and a flux rate

¢ = 3 X 1011 e/cmz-sec. The curve corresponding to an irradiation time
of 38.6 sec. is close to the steady-state space charge distribution in
the region x/L < .5. The steady-state condition results when the rate of
charge release from traps and transport to the boundaries is equal to

the rate at which carriers are added to the sample. Near x/L = 1, there
will be an additional charge build-up for irradiation times greater than
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38.6 seconds. The main difference between this distribution and those as- °
sumed in previous sections is the tail for x/L > .5.

Using the G function corresponding to the stopping of electrons as
shown in Fig, 15, the build-up of space charge shown in Fig. 16 has been
calculated. The trapped charge distribution maintains some of the char-
acteristics of the generating function until steady-state is approached.
Near steady-state the space charge distribution is similar to that for
the uniform generating function. After 100 seconds irradiation time,
the space charge distribution is approaching steady-state.

The transfer of external charge which results from two of the
build-up distributions in Fig. 14 have been calculated with the re-
sults shown in Fig. 17. To compare these results with those in Fig. 1,
one must consider distributions which have approximately the same value
of total trapped charge. Distribution b in Fig., 17 has approximately
the same value of total trapped charge as distribution e in Fig. 1.

The transfer of external charge for the two distributions is initially
the same, however, the distribution in Fig. 17 results in an earlier
saturation of external charge due primarily to the finite charge at
x/L = 1.0 at the beginning of the decay period.

Another interesting quantity is the fraction of the total irra-

diation charge in traps Q /Q at any time. This is approxi-
traps’ “flux

mately the same for the two G functions used in the present calcula-
tions and the results are shown in Fig. 18. The total trapped charge
becomes a smaller fraction of the total incident charge because of the
approach to a steady-state condition. After about 100 sec. irradiation
time, the charge in traps is only about 0.1 times the total incident
charge. For longer times, the fraction decreases approximately an
order of magnitude for each order of magnitude in time,

MAXTMUM INTERNAL ELECTRIC FIELD
RESULTING FROM TRAPPED CHARGE BUILD-UP

The maximum internal electric field as a function of irradiation
time for space charge build-up shown in Figs. 14 and 16 has been
calculated. The results are shown in Fig. 19, As the space charge
distribution approaches steady-state, the maximum value of internal

electric field is approximately 6 X 105v/cm. This corresponds to
approximately an order of magnitude less than quoted values of internal
field strength for PET.

STEADY-STATE VALUES OF TRAPPED CHARGE

It is possible to obtain estimates of the steady-state values of
trapped charge and of the time to reach steady-state conditions during
charge build-up without the computer solutions. These are readily ob-

tained at the zero field point, where the equations for ﬁt and n are
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ant

g:— =c n (NT - nt) - exp(nt) s (16)
t
n [ﬁn ﬁt + En (ﬁT - ﬁt)] =G + exp(ﬁt) . (17)
In steady-state where Bﬁt/BE = 0, the steady-state value of ﬁt (ﬁts)
is related to G from the above equations by
c. N n__ -1
Ehe=-0+-L8 a_ exp@d ) . (18)
- - ts ts
Hn NT

This equation leads directly to an estimate of the saturation value of
trapped charge. The equation is exactly valid only at the zero field
point. However, the zero field point will occur near the point at which
G has its maximum value. Thus, reasonable estimates of the maximum
trapped charge can be obtained from the above equation if the maximum
value of G is known.

During the initial stages of charge build-up, exp(ﬁt) << Enﬁ
(ﬁT - ﬁT), and from Eqs. (16) and (17) ﬁt is described by the equation:

3, v
—_— (1 + — nt) ~ G . (19)
ot c N
nT
This can be integrated to give
T
n o+ —= n 2 ~Gt ., (20)
t -5t =
2c_N
n T

As steady-state is approached, ﬁt deviates from the value given by the

above expression because of the release of carriers from traps. However,
an estimate of the time required to reach steady-state can be obtained
from the above equation by taking

> (21)

where ﬁts is the saturation value of ﬁt as obtained from Eq. (18).

The steady-state values of trapped charge and time to reach steady-
state are shown in Figs, 20 and 21 for various mobility values as a function
of flux rate. In obtaining this data, it has been assumed that the electrons
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are stopped uniformly throughout the sample thickness. Values on these
graphs have also been found to be consistent with values obtained from
the computer solutions. The saturation value of trapped charge is
seen to be approximately logarithmically related to the flux rate.

EXPERIMENTAL

There has been no concerted effort to fit the model for space
charge build-up and decay to the experimental results obtained to
date. However, the external charge transfer curves shown in Figs. 1, 3,
9, 13 and 17 are in reasonable qualitative agreement with the experi-
mental results reviewed in Appendix D, The dependence on irradiation
time and primary electron energy exhibit the same general characteristics.
To investigate in more detail the applicability of the model, experimental
techniques outlined in Appendix D were employed to obtain external current
during space charge decay as a function of various irradiation parameters.
These results were then graphically integrated to obtain charge transfer.

[}
Samples of 1/4 mil mylar with 6500 A aluminum electrodes were irra-
diated with 14 kev electrons, which resulted in the maximum external
charge transfer as a function of energy as shown in Appendix D. The

current density was 5 X 10-8 amp/cmz. This corresponds to a flux rate

of 3.1 x 1011 e/cmzsec. For these irradiation conditions, the primary

electrons are thermalized in the mylar and Fig. 20 can be used to obtain

15 3

an estimate for the trapped charge density of n, o~ 3.4 x 1077 e/em™,

The results obtained in Figs. 1 and 2 should provide a reasonable esti-
mate of the external current and charge transfer characteristics for
the stated irradiation times as shown in Fig. 22. Also shown as a
dotted curve is the external current for distribution e in Fig. 1. Two
of the current measurements were graphically integrated and are plotted

in Fig. 23. The accuracy in determining the charge transfer beyond 103
seconds limits the range of comparison, however, the model predicts a
charge transfer as shown by the dotted curve. These results are the
most straightforward to compare since the irradiation conditions can be
controlled such that the initial conditions of the model are roughly
approximated. The results in Figs. 1 and 2 are for a distribution
which extends from the irradiated boundary to 1/2 the thickness of the
sample and for various depths of trap filling. The range of 14 kev elec-
trons is approximately 1/2 the thickness of 1/4 mil mylar and the irra-
diation will result in various depths of trap filling assuming a steady-
state condition is not achieved for the times used. This aspect will
be considered in more detail.

External current and charge transfer during space charge decay
have also been computed for the spatial extend of the initial space
charge region. However, the depth of trap filling was assumed to be
the same for each initial distribution. Since the thermalized elec-
tron flux rate and the time required to reach steady-state were unknown,
data with these initial conditions were not obtained. However, the
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Figure 23. External charge transfer during space charge decay
obtained from Figure 22 by graphical integration.
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results for a constant primary electron flux rate at 12 and 14 kev were
obtained with the external current data shown in Fig. 24, The dotted
curve corresponds to distribution b in Fig. 3. The external charge
transfer resulting from these currents is shown in Fig. 25.

An important consideration when comparing the results of the model
and experiments is the time required to reach steady-state condition
in the irradiated volume. An estimate of this time can be obtained
from the considerations used to obtain Fig. 18. The region where
Qtraps/Qflux has a slope of 1/t represents a steady-state condition.

The charge in traps can only be inferred from the model, therefore, a
more meaningful concept experimentally is the relationship of
Qext/Qflux as a function of irradiation time. Using a constant flux

rate and observing external charge transfer for various irradiation
times yielded the plot shown in Fig. 26. These results indicate an
irradiation time greater than 600 seconds results in a steady-state
condition in the irradiated volume. For the parameters used to obtain
quantitative results from the model as outlined in Appendix C, the
steady-state condition should occur in approximately 100 seconds.

Silicon monoxide films were investigated using charge build-up
and release techniques discussed in Appendix D. The silicon monoxide
was evaporated from an R. D. Mathis oven. The substrate was .8-1.2Q
cm p-type silicon wafer .9-1.1 inches in diameter and 15 to 20 mils
thick. The substrate was rinsed in alcohol and deionized water before
mounting in the vacuum chamber prior to evaporation., Si0 was evaporated
to various thicknesses from 0.1 to 5 microns and aluminum was evaporated
over the Si0 film to obtain a capacitor structure. For $i0 film thick-
nesses less than 2 microns the low resistance of the sample (less than

107 ohms) precluded charge release measurements. Therefore, the thicker

films (~ 4 microns) were used. The thickness was estimated using the

crystal monitor technique and by an optical interferometer measurement.
]

Using a 4 micron S10 film, a silicon substrate and a 1000 A alum-
inum electrode, irradiation techniques similar to those used for mylar
were employed to investigate charge build-up and space charge decay.

The external current and charge transfer depended upon primary electron
energy as shown in Figs., 27, 28 and 29, The analytical results for
distribution b in Figs. 4 and 5 are shown as dotted curves. Range energy
data were not available for Si0, however, the maximum charge transfer

at 20 kev as compared to 14 kev for 6 micron mylar is probably due to

the fact that the density of Si0 is approximately &4 times that of mylar.

External charge transfer data for various irradiation times are
shown in Fig. 30. Using a constant primary electron flux rate and the
results of Fig. 30, one can plot Qext/Qflux as a function of irradiation

time as shown in Fig. 31. These results indicate that steady-state in

the irradiated volume is achieved after 103 seconds.

The concept of a steady-state distribution of trapped charge for
a given flux rate was further investigated by irradiating various
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Figure 25. External charge transfer during space charge decay obtained
from Figure 24 by graphical integration.
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thicknesses of mylar with the Pm147 source, The thermalized electron
flux rate during irradiation can be crudely approximated from

U1, = e HX (22)

where I/I is the fraction of the initial intensity after the B rays

have passed through x cm of the absorbing material and p (cm” ) is the
apparent absorption coefficient for the particular spectrum. The
apparent absorption coefficient has been approximated by (Ref. 5)

17
We =11 23)
E .

m

where p is the material density and E (Mev) is the maximum energy of
the B-ray spectrum, For Pm 147 m ~ .223 Mev and the density of mylar
is 1.3 gm/cm3 which results in y ~ 121 e}, For mylar films with
thin aluminum electrodes

I/Io - e-0.3x (24)

where x is in mils. For thick aluminum films, Io must be adjusted for
the stopping of betas in the electrodes. For 1/2 mil aluminum, Io must
]

be reduced by a factor of 2. However, for these experiments, 1000 A
thick aluminum electrodes were used and the primary electron flux is not
greatly affected before interacting with the mylar. Measured flux rate

values for the Pm147 source are approximately 109 e/cmzsec.

The experimental arrangement for Pm147 irradiations is shown in
Fig. 37. An added feature for the space charge decay measurements was
a shutter to shield the sample from the beam. Leakage current due to

- 2
incomplete shielding was less than 10 12 amps/cm” .,

For 1/4 and 1 mil mylar films and irradiation times from 30 to
7200 seconds, external charge transfer could not be detected after
shielding the sample from the source. This indicates that either the
trapped charge density is too small to result in an external charge
transfer above the sensitivity of the measurement or the spatial distri-
bution is approximately uniform throughout the sample. Using the apparent

absorption coefficient j ~ 121 cm-l, the latter explanation appears more
reasonable. For a thermal electron flux rate determined by Eq. (24),
the model predicts the spatial charge distribution shown in Fig. 32,
There is negligible external charge transfer associated with the decay
of these spatial distributions which is consistent with the experimental
work,
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Figure 32. Trapped charge distribution resulting from generating
function I/I0 = e HX for 1/4 mil mylar.
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For 10.0 mil mylar, various irradiation times resulted in the ex-
ternal currents shown in Fig., 33, The increasing current as the irra-
diation time is extended indicates that a steady-state space charge

distribution was not obtained for irradiation times up to 7.2 X 103
seconds, Figure 21 indicates that steady-state should be achieved in

approximately 104 seconds. Another aspect of the data in Fig. 33 should
be noted. The current decays less rapidly than for the thinner samples
of mylar irradiated at lower energies. This is interpreted as resulting
from a predominance of retrapping of the charge carriers during space
charge decay.

DISCUSSION

The transport model used to compute the build-up and decay of space
charge resulting from electron irradiation agrees reasonably well with
the experimental data for mylar. From the present comparisons between
analytical and experimental results, it is anticipated that the param-
eters described in Appendix C should be adjusted in a manner to fit the
model to the behavior observed experimentally. The major considerations
must be the following:

(1) Using a value of EnﬁT/ﬁn = 1,7, the model predicts an external

current during the initial portion of space charge decay which is low
by approximately a factor of 2 in Fig. 22,

(2) The irradiation time to achieve a steady-state condition in
the irradiated volume inferred from Fig. 26 appears to take longer than
the model predicts.

(3) The maximum ratio of the total external charge transfer to the
total incident flux approaches a value of approximately 1 percent.

To provide a more reasonable fit for external current during initial
space charge decay, the value of anT/un must be increased. Additional

evidence is presented in Appendix C which indicates that EnﬁT/ﬁn ~ 5.6.

However, this is in the wrong direction to bring (2) and (3) into better
agreement, Since these aspects of the model result from complete decay
of space charge, it is possible that the measurement of total external
charge transfer was not obtained over a long enough time interval, An
alternative explanation is that one should not use the abrupt distributions
of trapped charge shown in Figs. 1 and 3. A more reasonable approach

for fitting the model to the experimental data would be to compute the
initial distribution of trapped charge using the space charge build-up
from a generating function which best describes the thermal electron flux.
From the results shown in Fig. 14, it is obvious that one would observe

a smaller ratio for the total external charge transfer to the total in-
cident flux.
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There is another important feature of the charge build-up which
should be noted. It was recognized in Appendix D that a uniform dis-
tribution of space charge could logically explain the external charge
transfer as a function of primary irradiation electron energy. The
contribution from secondary electrons from the aluminum electrode was
considered as a reasonable explanation as to how the uniform distribu-
tion might result from monoenergetic electron irradiations. However,
the results shown in Fig. 16 indicate that the transport and trapping
of charge during irradiation may also result in approximately a uni-
formly distributed space charge from the irradiated boundary to the
practical range of the irradiation electrons. The external charge
transfer during space charge decay will have many of the characteristics
of those shown in Fig, 17. These results compliment the role of
secondary electrons in space charge build-up when the primary electron
flux rate constitutes the majority of the thermal electron flux rate.

The results of the analytical model do not agree either quantita-
tive or qualitatively with the experimental results for Si0. This is
not too surprising since there has been no effort to adjust the param-
eters to describe Si0. The main difficulty has been in determining
the value of the parameters necessary to use in the transport model.
The main feature of the experimental work is that for a given irradiation
condition S$i0 results in more external charge transfer than mylar.
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SECTION III

SPONTANEOUS DISCHARGE

The purpose of this investigation is to develop an understanding
of spontaneous discharge associated with electron irradiations and to
determine whether testing techniques are conducive to structure pulsing
for capacitor-type micrometeoroid detectors. The experiments were
centered around detection of spontaneous discharges from capacitor

structures irradiated with monoenergetic electrons and a Pm147 source,
The monoenergetic irradiations were performed at Ling-Temco-Vought (LTV)
and Langley Research Center (LRC) with emphasis on spontaneous discharge
rate with respect to the irradiating flux density, irradiated electrode

thickness, and capacitor temperature. The irradiations with the Pm147
source were carried out at the Research Triangle Institute (RTI) with

a flux of approximately 2.2 X 109 e/cmz-sec.

MEASUREMENT TECHNIQUES

The circuit used to detect the spontaneous discharge from the
capacitors irradiated in the electron accelerator is shown in Fig. 34.
The RC network was inserted to provide a dc path to ground and prevent
saturation of the electrometer. The values of the RC network were
selected so that the input impedance to the electrometer and the
capacitor detector determined the time constant of the discharge pulse,
The RC network was only used in the electron accelerator experiments.
To provide continuous monitoring the electrometer output was connected
to a strip chart recorder. The 200 cycle per second pass band of the
recorder placed a limitation on the time constant of the discharge
event with minimum distortion of the pulse characteristics. The capa-
citance of the irradiated capacitor was typically 10 nanofarads and the

input impedance to the electrometer 107 ohms which results in a time
constant of 0.1 seconds. The stray and lead capacitance was always less
than 100 picofarads. The accuracy of the measuring circuit was determined

IL
- S SCEA
Sample Electrometer Recorder
Electrodes
- 4

Figure 34. Block diagram for detecting spontaneous discharge.
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using a commercial capacitor the same value as the capacitor structure

to be irradiated. The commercial capacitor was charged with various
voltages and discharged through the RC network and the input resistance
of the electrometer. By adjusting the input resistance of the elec-
trometer different values of the decay time constant for the recorded
pulses were obtained. Using these various time constants and voltages,
the amplitude of the recorded pulses were compared to the initial voltage
across the capacitor. The difference was less than 5 percent. The
characteristics of the discharge pulse obtained at the recorder output
provides a discrimination technique whereby only those pulses with

the proper decay time constant are counted. Other disturbances which
may occur due to power line fluctuations, induction motor start-up or
other sources typically result in shorter time constants and can be cor-
related with the sources indicated with one exception that being accel-
erator beam stability. Pulses greater than 50 millivolts can be easily
detected using this technique. The lower limit was determined by the
stability of the current supplied by the accelerator. Slowly varying
fluctuations developed approximately 50 millivolts across the electrometer
input impedance.

An alternate technique of pulse recording was attempted with a
multichannel pulse height analyzer and appropriate amplifier circuits.
An oscilloscope was used simultaneously to observe pulse characteristics.
It was observed that small beam variations would be recorded in the
multichannel analyzer. The small changes in the irradiation beam were
found to occur due to power line fluctuations caused by welding equip-
ment or other similar devices. Noise background necessitated a 100
millivolt discrimination level and prevented its use for detecting
small amplitude pulses. Therefore, the electrometer and strip chart
recorder were used for recording pulses from the irradiated sensors.

EXPERIMENTAL ARRANGEMENTS

The experimental arrangement at the accelerator facility is shown
in Fig. 35. For this experiment, a homogeneous beam of electrons was
desired. This was accomplished by allowing the primary electron beam
from the accelerator to pass through a gold foil diffuser about six
feet in front of the chamber aperture, A thin scattering foil must be
used and the permissible thickness of the foil depends upon the primary
electron energy one desires to use. A uniform beam was obtained for
energies greater than 50 kev.

The intensity of the beam was measured with two Faraday cups con-
nected to a pair of current integrators. For an irradiation flux rate

of 1011 to 1013 e/cmz-sec, the reproducibility in the measurement of the

electron flux was about 2 percent. The outputs of the current integrators
were connected to the alternate channel of the strip chart recorder used

to detect the discharge events. Pulses from the capacitor structure
created by variations in the electron flux attributed to extraneous effects
could be observed simultaneously with those pulses from the Faraday cups.
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The aluminum test chamber was approximately a 12 inch cube witl.
ports entering four sides. The beam entrance port was approximately
4 inches in diameter, while the opposite cube face was about 8 inches
in diameter and provided an access to the chamber for mounting the
capacitor structures. The third port was connected to a 6 inch vacuum

pump. During the irradiations, the vacuum was at least 10.5 torr,

The fourth port shown in detail in Fig, 36 was used to provide cooling
and act as a support for the capacitor structure. Since data were de-
sired at temperatures colder than ambient temperature, a system for
flowing liquid nitrogen through the detector support was used. This
device constructed of brass and a phenolic thermal insulator with both
neoprene and lead gaskets made it possible to cool the capacitor de-
tector to about -160°C without affecting the seals of the vacuum system.
The phenolic thermal insulator on the liquid nitrogen port was shielded
by a sheet of lead to prevent scattered electrons from charging it.

All other insulators such as feedthroughs were shielded very carefully
to eliminate charging effects., No insulation was used on any leads in
the chamber during irradiations, The beam tube was magnetically
shielded from the gold diffuser to the entrance port to enhance repro-
ducibility of the beam characteristics. A carbon ring with a 1/2 inch
hole was placed before the gold diffuser to reduce the possibility of
any electrons escaping between the wall and the diffuser. About three
feet farther down the tube, a 3.5 inch inside diameter lead ring was
used to reduce the electron flux that would be scattered from the tube
wall.

During the irradiations, the desired temperature was obtained
using a liquid nitrogen control system, based on maintaining a pre-
scribed potential across a copper-constantan thermocouple which was used
to measure the capacitor structure temperature. The temperature was
monitored by reading the potential developed by two copper-constantan
junctions. One junction was immersed in an ice water bath, while the
other was thermally connected to the sensor support. The potential was
read on a vacuum tube voltmeter placed in the copper line of the thermo-

~couple leads. The liquid nitrogen control circuitry obtained its signal

from the output of a vacuum tube voltmeter.

RTI

The apparatus associated with the detection of spontaneous discharge

from the capacitor structures exposed to Pm147 source is shown in Fig. 37,
The irradiation chamber was a 6 inch glass assembly with two ports. One
was attached to an oil diffusion pump while the other was used for access

to samples. The irradiated area of the sample was 9.6 em”. The irradi-
ated samples were connected to the electrometer for monitoring. Only
those pulses with the proper time constant were counted as a discharge
event.
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LRC

The capacitor structures irradiated were mounted within a chamber
76 cm high, 7.6 cm wide, and 30 cm deep. The irradiation chamber was
independently evacuated and contained a cold bucket which could be
filled with liquid nitrogen to control the temperature of the samples
being tested. During the tests, the irradiation chamber vacuum ranged

-5 -
between 10 ~ torr and 10 7 torr depending upon the temperature of the
cold bucket.

The electrons from the accelerator passed through an evacuated
beam-handling tube to the irradiation chamber. Upon entering the
beam-tube, the beam of electrons was widened horizontally to approxi-
mately the chamber width of 7.6 cm by a quadrupole magnetic lens. Next,
the electrons traveled through the field of two electromagnets that
were driven by a triangular wave. The beam was scanned vertically at
the rate of approximately 10 cycles per second in a fan-shaped scan
horn before entering the irradiation chamber. In order to reduce back
scattering, an aluminum shield with a rectangular aperture 5 cm wide
and 12 cm high was placed approximately 10 cm in front of the test
sample. The shield greatly reduced scattering of electrons and current
on the bare signal leads. The beam current density was monitored by an
aluminum plate with a circular area of 1 square cm imbedded in a carbon
block adjacent to the sample. A bare lead was used within the chamber
to connect this plate to a shielded feedthrough. The current collected
by this plate was fed to an integrating electrometer.

EXPERIMENTAL OBSERVATIONS

Capacitor structures supplied by Langley Research Center with 1/4
mil mylar dielectric; 0.1 mil, 0.5 mil and 1.0 mil aluminum front elec-
147
trodes and evaporated back electrodes were irradiated with the Pm 4
beta source, Irradiations in the Pm147 source were carried out at 27°C
and -140°C with and without bias applied to the capacitor. Each irra-
diation period was for 48 hours yielding an integrated flux of approxi-

mately 101 e/cmz. A few pulses were observed, however none were greater
than 0.01 volts. The discrimination level was always in excess of 0,001
volts., A total of six capacitors were irradiated for 2421 hours with

the Pm147 beta source, Pulses of the order of 10 millivolts were detected

with one exception. For one of the capacitors with 1.0 mil aluminum front
electrode, regular pulsing was observed with a maximum amplitude of
approximately 500 millivolts. The detector was cooled and the pulsing
ceased, After removal from the irradiation chamber, it was noted that

the back aluminum electrode had eroded under the contact area. This
suggests that the pulsing was connected with the behavior of the con-

tact region. This was the first observation of this particular behavior
and reemphasizes the need for non-insulating contacts to the sensor.

A group of six sensors which were supplied by Langley Research Center
were irradiated in the LTV accelerator after qualification tests in the

54




Pm147 beta source. The irradiations were carried out using energy

increments of 25 kev from 50 kev to 300 kev with the sensor temperature

27°C and -140°C. Each irradiation period was 103 seconds with an |
10 2

electron flux rate of 9.4 x 107 e/cm -sec yielding an integrated flux

of approximately 1014 e/cmz. The sensors with 0.1 mil front electrode

were tested under the above conditions with two exceptions, the tem-
perature of -140°C and energies greater than 150 kev were not used.

Electron energy, electrode thickness, temperature, and electron flux
rate was varied within the above limits and no pulsing was observed |
with amplitudes in excess of the discrimination level of 0.050 volts. i

A 1/4 mil mylar sample with two evaporated electrodes was irradi-

ated by the Pm147 beta source for a period of 166 hours through 0.5

mil aluminum scattering foil. Ten pulses were observed with a maximum
amplitude of 80 millivolts at -140°C. For the pulsing time, the data

yielded a value of 1012 e/cmz-pulse. The sample was warmed to 27°C and
the pulsing ceased., The same sample was irradiated with monoenergetic
electrons from the LTV accelerator through a 0.5 mil aluminum foil

with irradiation electron energies between 50 kev and 200 kev. Regular
pulsing was observed at 27°C. The pulse height was typically 200
millivolts., The time interval between pulses depended upon energy as
well as flux rate with the interval decreasing for increasing flux

rate or energy. Pulsing disappeared as the sample was cooled. 1If the
sample was warmed to 27°C in the evacuated chamber one could not obtain
the regular pulsing again. If the sample was exposed to room ambients
and then the chamber evacuated, the sample would resume pulsing. It
was recognized early in the irradiations that when bare insulators were
exposed to the electron flux, one could obtain a substantial surface
charge which could result in a discharge. The exposed surface of the
mylar was painted with silver paint within 1/16 inch of the edge and
irradiated under a variety of conditions. The regular pulsing as prev-
iously observed could not be induced; however, approximately ten pulses
with the largest about 0.l volts were observed intermittently for 50 kev

electrons and an electron flux of 3.7 X 1011 e/cmz-sec which yielded a

value of 3.3 x 1013 e/cmz-pulse. The energy was increased to 75 kev at
the same electron flux and five pulses less than 0.050 volts were re-

corded which yielded 4.4 X 1013 e/cm2 pulse., One would interpret the
regular pulsing observed before the painting of the exposed edges as a
surface effect and the pulsing observed after painting the edges as
147

spontaneous discharge events similar to those observed for the Pm
irradiations.

A series of irradiations on the sensofs were made with the flux

rate in excess of 1012 e/cmz-sgc. For energies greater than 175 kev
and temperatures ambient or cooler pulsing was induced for 1.0 mil
aluminum electrodes. The pulse rate appeared to increase rapildly with
increasing flux rate as shown in Fig. 38. The pulses observed were neg-
ative on the irradiated electrode with respect to the back electrode and
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appeared to have approximately the same amplitude. Upon irradiating

the sensors at higher flux rates, the voltage across the capacitor would
become very erratic after several irradiations and prevent further
measurements. None of the capacitors tested exhibited these erratic

behaviors until it had been irradiated for approximately 104 seconds.
The capacitors exposed to the minimum flux required to induce pulsing
showed no degradation upon completion of the irradiation periods,

The sensors were also irradiated at various temperatures from 40°C
to -150°C and the interval between pulses decreased with decreasing
temperature for each sample tested. Using an electron flux rate of

4,0 x 1012 e/cmz-sec and 200 kev electrons, the pulse rate approximately
doubled when going from 40°C to -150°C,

The pulse rate was also investigated as a function of irradiation

electron energy for an electron flux rate of 4.0 X 1012 e/cmz-sec.
The pulse rate increased with increasing energy up to approximately
250 kev when the maximum pulse rate occurred and then decreased with
increasing energy as shown in Fig. 39. No pulses greater than the
discrimination level of 8.4 volts were observed for electron energies
less than 175 kev.

For electron flux rates exceeding 2.0 X 1012 e/cmz—sec, the pulse
amplitude was investigated using electron energies in excess of 175
kev and temperatures from 40°C to -150°C. The average pulse amplitude
was 90 volts with the exception of one sample which had an average
pulse height of 120 volts under the same conditions. This pulse ampli-
tude distribution is shown in Fig. 40 including the one sample that
had the high pulse height average.

A few limited irradiations were made on capacitors utilizing
silicon oxides as the dielectric. They were tested from 50 kev to
150 kev in approximately 25 kev increments and did not pulse. The

flux rate was approximately 1011 e/cmz-sec with an integrated flux of

1014 e/cm2 for each of the 13 irradiations. Five of the runs were
carried out for temperatures between -130°C and -160°C,

Monoenergetic irradiations were performed at Langley Research
Center using an accelerator with a swept beam. A group of sensors
which were supplied by Langley Research Center with 1/4 mil dielectric;
0.5 mil and 1.0 mil aluminum front electrodes and evaporated back
electrodes were irradiated in the swept beam accelerator after previous
testing at Ling-Temco-Vought with a monoenergetic stationary beam and

at Research Triangle Institute using a Pm147 beta source. The swept
beam irradiations were carried out using energy increments of 50 kev
from 50 kev to 200 kev at 27°C and -140°C. Each irradiation period

10

yielding an integrated flux cf approximately 1014 e/cmz. Ten pulses

was 103 seconds with an electron flux rate of 9.4 x 10 e/cmz-sec
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were observed with amplitudes less than 350 millivolts with a discrim-
ination level of 60 millivolts.

A sample of 1.0 mil GT-201 adhesive manufactured by G. T. Schjeldahl
Company with two evaporated aluminum electrodes was irradiated by the

Pm147 beta source for a period of 60 hours with 0.5 mil aluminum scat-
tering foil. The sample was irradiated 45 hours at 27°C and 15 hours
at -140°C and no pulsing was observed with a discrimination level of

50 millivolts. The same adhesive sample prepared with evaporated
aluminum electrodes was irradiated with monoenergetic electrons from
the LRC accelerator using a swept beam of electrons through a 0.5 mil
aluminum scattering foil with energies between 50 kev and 200 kev using
energy increments of 50 kev. The sample was irradiated at 27°C and

-140°C with each irradiation period of 103 seconds and an electron flux
rate of 9.4 X 1010 e/cmz-sec yielding an integrated flux of approximately

1014 e/cmz. No pulsing was observed from the adhesive sample with a
discrimination level of 200 millivolts., The small capacitance of the
1.0 mil adhesive sample was responsible for the larger discrimination
level because of the increased input impedance to the electrometer to
obtain a time constant within 200 cycle bandwidth of the strip chart
recorder.

The intensity effect observed at Ling-Temco-Vought using a sta-

tionary beam with an electron flux rate in excess of 1012 e/cm2-sec

was investigated using the accelerator with the swept beam. Sensitivity
of the monitoring equipment was reduced because of the time varying
voltage across the capacitor as a result of sweeping the beam. The
voltage across the capacitor also increased with higher beam intensi-
ties and thereby increasing the discrimination level to 1.2 volts.

A series of irradiations were made on capacitor structures with
1.0 mil aluminum electrodes for energies of 150 kev to 225 kev in 25 kev
increments of energy. The pulse rate was investigated at 27°C and -150°C

for an electron flux rate of 4.0 X 1012 e/cmz-sec. A few pulses were
observed, however, the limited number of pulses does not permit omne

to infer a dependence on energy, temperature, and flux rate. The

large amplitude pulses observed at Ling-Temco-Vought could not be in-
duced in the structures tested with a swept beam, however, a few

pulses with amplitudes less than 5 volts were observed at the high beam
current intensities. In a further attempt to enhance pulsing a 16.0 mil
aluminum back-up plate was installed directly behind the capacitor
structure, however, the discrimination level increased to 2.0 volts and
no pulsing was observed either at 27°C or -140°C.

DISCUSSION
The results obtained from the irradiation of capacitor structures

at RTI, LTV and LRC indicate that the experimental techniques associated
with the irradiation influences the characteristics of the spontaneous
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discharge events. The results discussed have been either directly or
indirectly attributed to the rate of charge build-up in the mylar due

to the trapping of thermalized primary and secondary electrons. There-
fore, the spontaneous discharge characteristics should be related to the
charge storage model discussed in Section II. Using this model, one can
provide a phenomenological description as to how the rate of space
charge build-up influences the spontaneous discharge events, The per-
tinent aspects of the model are included in Figs. 20 and 21. For a
given flux rate of thermal electrons ¢ the steady-state value of

trapped charge assumed to be uniformly distributed throughout the ir-
radiated volume is shown in Fig. 20 for various mobility values. The
approximate irradiation time required to achieve steady-state is shown
in Fig. 21.

Although a flux rate dependence has been observed, the flux rates
in Figs. 20 and 21 pertain to thermalized electrons and a quantitative
relationship between the primary irradiation flux and the thermalized
flux is not available. To use the results of the model to interpret
spontaneous discharge characteristics requires an assumption as to this
relationship. The pulse rate dependence on energy correlates more
closely with secondary electron processes than with the stopping of

primaries, The secondary yield from 5.2 mg/cm2 aluminum target elec-
trodes is approximately 4 percent in this energy range (Ref. 7).
Secondary yield from thinner aluminum films at lower energies range up

to 50 percent (Ref. 8). Therefore, a reasonable assumption for a thermal
electron flux rate appears to be approximately 10 percent of the primary
flux rate,

For the samples irradiated by all three methods, the integrated

flux for each irradiation period was at least 1014 e/cm2, however, the

10

flux rates were 2.2 X 109 e/cmz-sec at RTTI and 9.4 x 10 e/cmz-sec at

LTV and LRC. The Pm147 irradiations at RTI resulted in a few pulses

the order of 10 mv. Using the diffused beam technique at LTV, no pulses
in excess of the discrimination level of 50 mv were detected. For the
swept beam irradiations at LRC, 10 pulses were detected with an average
pulse height of approximately 100 mv and a maximum pulse height of 350 mv,
The discrimination level was 60 mv. Since the discrimination levels at
LTV and LRC were too high to detect 10 mv pulses, the data at RTI must

be disregarded when attempting to compare the results of the three
techniques., Therefore, the major difference noted for the low intensity
irradiations was the pulses obtained at LRC.

For a thermal electron flux rate of 9.4 X 109 e/cmz-sec the steady-
state trapped electron density is n o~ 2.2 X 1015 e/cm3 for mobility of
0.1 cm2/v-sec and the irradiation time required to achieve steady-state
is ts ~ 103 sec. Therefore, the maximum value of internal electric

field occurs only after 103 sec irradiation time. The average spontan-
eous discharge pulse height of .1 volt represents a liberated charge of
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10'9 coulombs. The charge in traps for the assumptions used to obtain

Fig. 20 is 3 X 10"6 coulombs, Therefore, the observed charge is only
a small fraction of the charge in traps.

The average flux rate for the diffused beam and swept beam tech-
niques were the same resulting in approximately the same steady-state
conditions. However, the instantaneous flux rate for the swept beam
technique must be higher. For a constant sweep rate across a 1 cm
pick-up used to monitor the beam current, the instantaneous flux rate
(¢ ) is related to the average flux rate (¢) by

4
~

¢~ ) (25)

%l

where Ax is the beam dimension in the direction of beam displacement
and I/ is the displacement amplitude. The actual value of I//Ax depends
upon the energy of the irradiation electrons, however I//Ax > 10 is not
uncommon., Therefore, the instantaneous flux rate of electrons which
interact with the capacitor structure is at least an order of magnitude
larger for the work at LRC as compared to the LTV irradiations. Another
factor to consider is the percent of charge released from traps for
approximately one-half cycle of the swept beam. From Eq. (A-14) the
release rate is exp(ﬁt) and

ooy )

— < exp(nt) . (26)

At

Therefore, the percent released in At is

n
Ant e t -3
— <= 9 X 10 7 At percent , 27)

t n
t

after introducing the normalization constant. For a flux rate

¢ = 4 X 1012 e/cmz-sec, ﬁt = 10 and Ant/nt~5 2.2 At percent where At

is the time for 1/2 cycle of the beam sweep. Therefore, for each sweep
of the beam, very few trapped electrons will be released before the next
sweep and the initial rate of trapped charge build-up will depend upon
the instantaneous flux rate rather than the average flux rate.

For the low intensity work at LTV and LRC, one should note the
irradiation time required to reach steady-state hence the maximum value
of internal electric field., Each irradiation period was typically

103 seconds. The use of the charge storage model indicates that steady-
state may not be achieved for the low intensity irradiations while the
high intensity irradiations may result in a steady-state value early in

the irradiation period. This factor could account for the pulsing char-
acteristics observed.
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The intensity effect was investigated in some detail at LTV. For

a flux rate in excess of 1012 e/cmz-sec discharge pulses on the order

of 100 volts were detected. The pulse height observations at various
flux rates and energies were approximately the same value for a given
sample, However, the pulse rate was strongly influenced by both the
flux rate and the irradiation electron energy. The energy dependence
is consistent with the work reported in Appendix D and can be inter-
preted in terms of charge storage resulting from secondary electrons
injected from the aluminum electrode into the mylar as well as the
stopping of primaries in the mylar. However, in this instance, only a
small fraction of the primaries are stopped in the mylar (Ref. 6).

The high intensity effect was investigated in less detail at LRC
with the major results being that an intensity effect was noted, however,
the pulse height was only the order of 5 volts. This corresponds to

liberated charge of 5 X 10-8 coulombs.

When the primary electron flux rate was increased above 1012

e/cmz-sec at LTV,. the charge liberated in the discharge event was
approximately 10-6 coulombs. The steady-state charge in traps should
reach approximately 5 x 10-6 coulombs for a thermal electron flux rate

of 4 x 1011 e/cmz-sec in approximately 60 sec irradiation time. The
model of Section II indicates that approximately 1/5 the trapped charge
density is detected in each discharge event. It is just as likely that
the liberated charge is essentially all the charge. The main point is
that for the higher flux rates the discharge events result in an appre-
ciable portion of the stored charge being liberated while the lower
flux rates yield only a small fraction of the stored charge.

The mechanism which responds to the rate of charge build-up has
not been identified. However, the data presented indicates that there
are two types of spontaneous discharge. Irregular pulsing with pulse
heights the order of a volt or less can be logically interpreted as
discharges occurring either due to excessive charge build-up in a lo-
calized region or due to the ionization of a localized region where the
field strength is less than that for most of the irradiated volume.,
Full discharge events are those for which most of the space charge is
liberated.

Data indicates that the localized discharges are more likely for
irradiation flux rates comparable to those expected in the Van Allen
belts, Full discharges were only observed at primary electron flux

rates in excess of 1012 e/cmz-sec and at energies which correlate more

closely with the expected secondary electron processes than with the
stopping of primary electrons. For the flux rates employed where charge
storage can reach a steady-state condition, excessive charge build-up

in a localized region is unlikely if the trap density remains constant
with time. In this case, previous results obtained under NASA Contract
NAS1-3183 could be related to the discharge mechanism (Ref. 9). It has
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been determined that significant gas products result from irradiation
of PET. A low field strength could be associated with localized gas

concentrations in the PET which lead to a subsequent ionization and a
discharge over the volume. The full discharge event could then be in-

terpreted as a critical gas concentration resulting from the high flux
rates.

Although excessive charge build-up in localized regions appears
unlikely using the model in Section II to infer a steady-state condi-
tion, it must be realized that the analytical work is based upon a
constant trap distribution with time. Although the model is in reason-
able agreement with charge release experiments, there is evidence that
suggests the traps may also be radiation induced (see Appendix D).
Radiation induced traps could play a predominant role in determining
the spontaneous discharge characteristics,
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

Charge storage in insulating materials is well documented in terms
of phenomenological models derived from the kinetics of space charge
build-up and decay. During NASA Contract NAS1-3892, charge storage in
mylar was observed resulting from irradiation with energetic electrons.
A phenomenological model which agreed with the kinetics of the observed
space charge decay was developed. Under the present contract, the
model has been extended to include space charge build-up, transport of
charge during irradiation and the decay of space charge after ceasing
irradiation. The observed external charge transfer characteristics
indicate that no-retrapping in the space charge region is a fair approx-
imation during the initial decay period. Therefore, the mean range of
an electron liberated from a trap is approximately the sample thickness.
From Fig, 19, the maximum internal electric field for most cases con-

sidered is approximately 6 X 105 volts/cm and the average electric field
is 3 X 105 volts/cm for a uniform spatial distribution of charge. This

results in a mean range per unit field (ut) ~ 2 X 10-9 cm2/volt. It
has also been possible to account for the release of charge from traps
and the resulting changes in the trapped charge asymmetry. The spatial
symmetry of the trapped charge does not strongly influence the external
charge transfer during space charge decay. The depth of trap filling
and the spatial extent of trapped charge are the major factors in de-
termining the external charge transfer characteristics. The model has
been shown to be in reasonable agreement with the experimental observa-
tions obtained to date. However, from the results, it has not been
possible to determine if the traps are radiation induced or an intrinsic
material property. This question can best be answered through an in-
tensive fundamental investigation of radiation effects in mylar. Much
of the information pertaining to the radiation chemistry of mylar was
obtained under NASA Contract NAS-3183 (Ref. 9).

There has also been evidence obtained from many sources which
demonstrates that the charge storage associated with electron irradiation
can result in spontaneous discharge events. Data obtained under this
contract indicate that the method for obtaining a given flux rate across
the irradiated sample can influence the spontaneous discharge
characteristics. Considering the results obtained at RTI, LTV and LRC
on identical samples, the swept beam irradiations are more likely to re-
sult in a spontaneous discharge event. This conclusion is based in part
on the results of Section II and the concept of a steady-state space
charge distribution for a given flux rate. In addition, data indicate
that there are two operative mechanisms associated with spontaneous
discharge., Irregular pulse rates and pulse heights the order of a
volt or less can be logically interpreted as discharges occurring either
due to excessive charge build-up in a localized region or due to the
ionization of a localized region where the field strength is less than
that for most of the irradiated volume. Full discharge events are
those for which most of the space charge is liberated. Data indicate
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that the localized discharges are more likely at least for irradiation
flux rates comparable to those expected in the Van Allen belts.

From this discussion, it becomes obvious that one should deter-
mine whether these phenomena are peculiar to the organic polymers.

Present data indicate that inorganics such as Si0, 8102 and A1203 do

store charge and in some instances more charge than mylar for a given
irradiation condition. However, this space charge does not result in
the discharge characteristics noted for mylar and similar polymers.

The gas concentration concept introduced in Section III represents a
reasonable explanation; however, there is the possibility that the lack
of spontaneous discharge for inorganic films is due to a volume effect.
Usually, the inorganic films are the order of 1 micron in thickness
while mylar is greater than 6 microns.

From the tests conducted at RTI, LTV and LRC, limitations and ad-
vantages of the various techniques employed became apparent. The rela-

tive stability of the electron flux from the Pm147 source was a definite
advantage when long irradiation periods were desirable. However, 1/2

mil aluminum is approximately one half thickness for the Pm147 source

and limits the electrode thickness one can use without appreciably de-
creasing the flux rate. A source with a maximum energy near 1 Mev would
provide more flexibility in the testing program and provide a distribu-
tion of electron energies which approximates the Van Allen flux over

a wider energy range. In addition, a flux rate approaching 1011 e/cmz-sec

would offer a better comparison to the data obtained in the accelerator
facilities.

The variation of energy and flux rate available with the particle
accelerators can be used to advantage in many instances, however, there
are two aspects of this technique which must be examined carefully. The
spontaneous discharge characteristics of the capacitor structure have
been shown to depend upon the energy of the irradiation electrons. Re-
lating these behavior to that expected in the Van Allen belts in a con-
vincing manner is at best a difficult task. Also, fluctuations of the
electron beam can result in ambiguous signal generation. For this
latter consideration, the diffused beam technique appears to be superior
to the swept beam. This conclusion is based primarily upon the existence
of current variations in the external circuit resulting from the
stopping of electrons in the electrodes each sweep of the beam.

Solid State Laboratory
Research Triangle Institute
Research Triangle Park, North Carolina, August 22, 1966
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APPENDIX A

DERIVATION OF TRAPPING AND TRANSPORT EQUATIONS

For distributed traps, the equation describing a small increment
Ant of the trapped charge is

'SEE = c (N, - mn) - SAnte'E/kT . (a-1)

In the general case, < and s can both depend upon the trap energy.

To obtain an equation for the total density of trapped electrons, the
above equation is integrated over the trap energies. If E is measured
as positive downward from the conduction band,

fm ang jm &N sy
=n c (— - -—)dE
Jt ° AE ° n AE
(A-2)
© An
-E/KT
- s==te dE .
° AE

At any instant of time, the traps below some energy E_. will be essen-

fn
tially all filled while the traps above Ef will be essentially empty.
Then, as an approximation,
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The above equation then becomes
on E oN o0 oN
f t t -E/kT
g;E:nfncng--E—dE-I s&—e /kdE, (A-S)
o E
fn
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where

L BNt

n = / S5 dE . (A-6)
E
fn

To carry the development further requires a specific model for

the trap distribution as a function of energy. The distributions of
most interest are:

(a) Uniform trap density

E "R @-7)
c

(b) Exponential trap density

oN, B

W = H‘ exp(-E/ch) . (A‘S)
c

B and Tc are constants characterizing the trap distributions. Assuming
that <, and s are independent of energy, the following equations are

obtained for the rate of change of trapped electrons:

(a)
on T (N.-n)
(b)
Bnt T, -1 n, (1 +$—)
St " St (NT - nt) - sNT a+ T—) (ﬁ;) c ,(A-10)

where NT is the total trap density in both cases (NT = B for the ex-
ponential trap case). If <, and s depend upon energy in the initial

equation, then the factors h and s in the above equations must be con-

sidered as functions of n . Since they are probably weakly dependent

upon the energy and since the traps are normally filled to only a small
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fraction of the total trap density, the use of constant ¢ and s is
not a severe restriction. n
For the purpose of numerically solving the equations, it is
convenient to write the equations in terms of normalized variables.

For the three cases, the normalized equations are:

(a) Single trap level

ant o } i
——aE =c n 1 - nt) - n, (A-11)
- on
a—’_‘ =-—_—t+§+a—_(ﬁnﬁl'?) (A-12)
ot ot ox
oF _ - - -
g =- (n - n +n - nto) , (A-13)
where
n
n == A =2
NT o NT
- e - o
e TN, to N
T T
_ anT .
c, =3 exp(Et/kT) x = x/L
- = cF
t=ts exp(-Et/kT) F qLNT
" L & G 1 /K
n =M o exp(Et/kT) G=¢ N—Ts exp(Et T)
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(b) Uniform trap density

Bﬁt o } .
a? =c n (NT - nt) - exp(nt) (A-14)
dn
M. _tig+dl G oah (A-15)
dt  at x
JF - - -
g;_‘- = . (n - n, + nt) (A-16)
where
TB o 0]
- T (nt - Ryy) f = Tc(NT B nt:o)
e TB T B
- 1 eTcF
a ® “n s (T:) exp (NT) R - qLBT
t =8 exp (-NT) t x = x/L
; L 9BT ovp (N g - o8 N.) G
Hn " Hn g eT exp ( ) - TBS exp (NT)
(c) Exponential trap density
aat .o ) - m
-a? - cn n (1 - nt) - (nt) (A-17
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- on
t - - - =
a—x.‘"—_ +G+§_—(unnF) (A-18)
ot ot ox
F - - .
el R N (a-19)
where
n
a= R a =2
NT o] NT
n =:E a =ﬁ
t NT to NT
NTm T
- _ = _C_
A~ % s m=(1+ )
-_i _= e
E=m® F qLNTF
- _ mgNt = _
Hp = My Tae x = x/L
= m
G = N.s G
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DISCUSSION OF COMPUTER SOLUTIONS
This appendix discusses some of the techniques used and difficul-

ties encountered in the computer solutions for n and ﬁt. The equations
which were solved are

o
EEE =¢n @, -8) - ex G, (B-1)
i f-‘%}_‘i - [h B +E B -R)A+E+exp GB) =0, (B-2)
Fo_ g
LR F L E (8-3)

It is assumed that ﬁt >> n.,

To obtain solutions for these equations, a boundary condition on n
is required. This can be obtained from Eq. (B-2) by noting that if
dn/dx is to remain finite at the zero field point (i.e., at F = 0), the
electron concentration at the zero field point must be given by

) G + exp (ﬁt)
n % =T - - - x ° (B-[&)
o TH N + c (NT - nt) o

The zero field point io is the value of x which satisfies the equation
1 x

[ ¢ a dx)) ax=0, (B-5)
o -

X

[o]
or it is the point at which F = 0. Since ﬁt > 0, it is obvious that
0< io.S 1. For given ﬁt’ the numerical solution of Eqs. (B-2) and

(B-3) for n with the boundary conditions as expressed by Eqs. (B-4)
and (B-52 is fairly straightforwagd. The only difficulty is in eval-
uating dn/dx from Eq. (B-2) near xo because of the singularity at io'

This is overcome by taking a derivative of Eq. (B-2) from which it is
found that
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- exp (n.) - n (L - c) on
é% = - -t' - -n -n _t . (B-6)
ox X 2u n +c (NT - nt) ox X

This equation was used to evaluate n near io'

The only difficulty encountered in the numerical solution of
Eq. (B-1) for n, is the large time interval over which the solution

must be carried. This can be seen by considering only charge release
(i.e., by setting n = 0) which shows that n, o« - In t. The sclution

must then be carried over many orders of magnitude in time. For typical
solutions about four orders of magnitude in time are required. This
problem was handled by taking longer time intervals as the solution
progressed. The time intervals were chosen to give equally spaced
values on a ln t scale with either ten or twenty points taken per

order of magnitude in time.

The integrations on both x and t were done by a predictor-corrector
method with the solutions iterated until consistent values were obtained
at each value of x and t.
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DISCUSSION OF PARAMETERS USED IN
THE TRAPPING AND TRANSPORT MODEL

In Section II, a dynamic model for build-up and decay of irra-
diation induced space charge is introduced. The basic equations de-
pend upon a combination of parameters which must be determined before
quantitative aspects of the model can be pursued. Initially, these
parameters were estimated either from the results of NASA Contract
NAS1-3892 or from the literature.

The initial estimate of these parameters was obtained using:

(a) the attempt to escape frequency from the work of Fowler

(Ref, 10) (s ~ 9 x 1010 sec'l),

(b) the dielectric constant € was determined by capacitance
measurements at 1 k¢ for 1/4 mil mylar to + 20 percent accuracy

(€ ~ 3¢, = 2.65 x 1071%);

(c) the trap density per unit energy for the uniformly distributed
trap model (B/kTc) was inferred as a minimum value under NASA Contract
NAS1-3892 (B/kTc > 1.7 x 10*® cn™3 ev'l), and from the same works, a

value of N > 1.53 x 1016/cm3 was obtained (Ref. 1),

(d) the mobility was unknown, however, Fowler (Ref. 10) used a
value of 10-3 cmz/v-sec. Preliminary investigations of the photo response
of PET indicated that the mobility was of the order of 0.1 cm2/v-sec

(e) the free carrier concentration n_ was estimated from dark con-
ductivity measurements to be discussed at a later point in this appendix

(n, ~ 7.9 x 10° en™).,

With the values given above, EnﬁT/ﬁn = 1.7 was calculated. This

was the principal value used throughout the computer computations.
However, a number of solutions for the model in Section II were ob-
tained for anT/“n = 0,17 and anT/un = 17. These results can be inter-

preted in terms of a mobility change for the problem. Therefore, solutions
have been obtained for mobilities of 1, 0.1 and 0.01 cm2/v-sec.

During the course of the contract, the parameters listed above for
PET have been investigated by various methods. In addition, pertinent
data have appeared in the recent literature. Using Eq. (C-1) and esti-
mating the free carrier concentration from dark conductivity measurements
the combination of parameters reduces to
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anT

—= = pes exp (-Efo/kT) . (C-1)
Hn

The dielectric constant has been measured by Lengyel (Ref. 11) for
1.1 mil PET yielding a value of 3,4, In addition, PET samples with
aluminum electrodes were shown to display the Schottky type voltage-

current-temperature characteristic. The barrier height was 0.88 ev
as compared to the 0.87 ev obtained under NASA Contract NAS1-3892

(Ref. 1). A value for volume resistivity of 1018 ohm-cm has been
reported for PET (Ref. 12). Volume resistivity for dielectric films
in this range is difficult to obtain in a straightforward manner.
Using dark conductivity measurements to obtain a value for resistivity
requires ohmic contacts. 1In an attempt to obtain ohmic contacts to
PET, an electrolytic cell depicted in Fig. C-1 was employed with 0.1
mole NaCl solution in contact with the PET film. The results for
several measurements are shown in Fig. C-2., 1If one interprets these
results in a manner similar to the space charge limit current model
by Rose (Ref. 13) the near linear characteristic in the low voltage
region can be used to obtain an estimate of the resistivity. Using
the current-voltage data at 50 volts for 1/4 mil thick PET with elec-

trode areas of 1.25 cmz, a value of 1017 ohm-cm is obtained. When
the full spectrum of the Hg lamp illuminates the PET through the NaCl

electrodes steady-state current increases. If the space charge limited
current model applies, this increase from the absorption of the light
near the illuminated surface can be interpreted as the creation of a
source of electrons within the PET which behaves as a contact., This
effectively reduces the thickness of PET., Unfortunately, there is
another interpretation which cannot be overlooked. The increase in

current can be due to a reduction of a barrier between the PET and the
electrodes.

The space charge limited model proposed by Rose for uniformly
distributed traps is of the form (Ref. 13)

J=cv, ., (c-2)

The value of y is related to the trap density per unit energy, where

2= = 4,53 x 10 en ey (c-3)
c qkTyL
16 -3 -1
This result compares favorably with the minimum value of 1.7 x 10  cm “ev

obtained under NASA Contract NAS1-3892 (Ref. 1). This result lends support
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J = C]‘Veyv
c, = 2.9 x 1071
-3
y= 3.6 x10
Jmcve 7V
1 -14
01 = 4,56 X 10
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Figure C-2. Current-voltage characteristics for 1/4 mil mylar obtained
using the electrolytic conductivity cell.
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to the interpretation of the data using the space charge limited current
model, However, it is recognized that the value for the volume resisti-

vity of 1017 ohm-cm is tentative until more conclusive experimental
data is obtained.

Using the more recent values of the parameters in Eq. (C-1) yilelds
c N /i =5.6.

Solutions for the model in Section II have been obtained such
that the predicted behavior for build-up and decay of irradiation in-
duced space charge for a range of values of these parameters which are
characteristic of PET can be compared to the experimental results.
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PREVIOUS WORK RELATED TO
SPACE CHARGE EFFECTS IN MYLAR

The following work has been reported elsewhere (Ref. 14), however,
the experimental techniques and the simplified model are pertinent to
the material presented in this report.

EXPERIMENTAL TECHNIQUE

A heated tungsten filament was used as the electron source. The
electrons were accelerated through a potential supplied by a regulated
dc supply. The power supply ripple was less than 0.5 percent RMS with
an output voltage resolution of 2 percent. Pressure in the working
chamber measured at the diffusion pump port was maintained below

107 torr during all irradiations.

The samples were mounted on the fixture shown in Fig. D-1. The
films were held in place by magnets. The irradiated electrode made
electrical contact with the steel plate which was system ground and
the contact to the back electrode was provided by the magnet which was
in electrical contact through bare copper wire with a vacuum feed-
through in the mounting plate. The aluminum front plate provided a
shield against the electrons outside the irradiation area and specifi-
cally at the sample edges while the lead provided attenuation by any
bremstrahlung created in the aluminum.

The beam current was measured by rotating a shutter so the electron
beam was striking the aluminum portion of the shutter and by passing
the collected electrons through a meter to the high voltage power supply.
In the energy range from 10 kev to 50 kev, backscattered electrons are
approximately 15 percent of the primary beam current (Ref, 15). The
secondary yield is approximately the same value (Ref. 8). Therefore,
the current measured by this technique can be in error as much as 30
percent with respect to the current actually striking the shutter. When
the shutter was removed, the electron beam was incident on the aluminum
electrode of the test sample. The secondary electrons from the irradiated
surface will be approximately the same as for the shutter, however, the
backscattered electrons will depend upon the thickness of the aluminum
electrode (Ref. 16). The backscattering cogfficient is smaller for alum-
inum films of interest, approximately 1000 A thick, than for bulk aluminum,
Therefore, the number of primary electrons which were able to provide
secondary electrons at the aluminum-polyethylene terephthalate boundary
or which were able to penetrate into the polyethylene terephthalate was
larger than the value measured by the shutter current. The error in-
volved was estimated to be approximately 20 percent.

The irradiated samples were prepared from commercially available

polyethylene terephthalate. Films 6.3 X 10-4 cm thick and 5 cm in
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Figure D-1. Fixture for mounting sample in electron gun assembly.
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diameter were cleaned twice in a detergent solution and rinsed after
each wash in deionized water. Following a wash in hydrofluoric acid,
and a deionized water rinse, the films were stored in methanol prior
to electrode evaporation. After placing the films in the evaporator,
and outgassing for approximately 30 minutes, aluminum electrodes were
evaporated to the desired thickness. Simultaneously, the aluminum was
evaporated onto the quartz crystal of a crystal controlled oscillator.
The resulting frequency change of the oscillator was used to obtain
an estimate of the evaporated aluminum thickness. Using the crystal
monitoring technique, the uncertainty in electrode thickness has been
estimated to be + 250°A.

After evaporating the electrodes, the capacitance and dissipation
factor of the samples were measured at 1 kc with typical values of 6
nanofarads and 0.005, respectively. The dc leakage resistance was
measured and values at least an order of magnitude greater than the
resistance of the external circuit were acceptable.

Asymmetrical decay of the trapped electrons resulted in a transfer
of charge through an external circuit (Ref. 17). The circuit used to
detect this charge was an RC network which integrates the current in

the external circuit with a time constant of 105 seconds. The voltage
across the capacitor was measured by an electrometer whose input resist-

ance of 1011 ohms was a portion of the RC integrator. The output of
the electrometer was fed into a strip-chart recorder. The minimum

voltage across the integrator capacitor which could be measured was
1 millivolt.

After placing the sample in the irradiation chamber, an electron

beam with a current density of 5 x 10-8 amperes/cm2 was focused on the
shutter. The shutter was then opened for the desired irradiation time.
The energy of the electrons for each irradiation was in the range from
10 kev to 20 kev. Upon terminating the irradiation, the electrodes of
the sample were shorted for a period of one minute, This allowed any
transients due to turning off the electron beam to decay and provided
ample time to connect the measuring circuit across the sample. Due to
the high impedance levels encountered in the measurement, it was im-
practical to achieve the transition from the electron beam measurement
to the trapped charge decay measurement with a switching device.

EXPERIMENTAL RESULTS

The trapped charge decay was observed from 60 seconds to approxi-
mately 2400 seconds after turning off the electron beam, The transfer
of external charge as a function of time under these conditions is
shown in Fig. D-2 for a typical sample. For integration times approach-

ing 104 seconds, the error due to leakage through the RC integrator was
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Figure D-2. External charge transfer from thermal release of trapped
irradiation electrons for the indicated primary electron
energies.
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comparable to the rate of external charge transfer. The dotted portion
of the curves drawn through the data represents estimates of the external
charge transfer which have been corrected for the error introduced by the
integrator. From this data, one aspect of the external charge transfer
is quite obvious. Using range-ehergy data for water (Ref. 18) which is
approximately the same as that for polyethylene terephthalate one readily
finds the range of the primary electrons at the energy which yields the
maximum external charge transfer is approximately one-half the thickness
of the polyethylene terephthalate film. Also, the energy at which the
external charge transfer is reduced below the sensitivity of the measure-

ment corresponds to a practical range approximately equal to the film
thickness.

For the latter chscrvation, one may conclude that within the sensi-
tivity of the measurement, the trapped-charge decay is symmetrical.
The simplest trapped charge distribution which could yield such a result
is one that is uniform throughout the irradiated volume. Obviously, there
are other distributions which could yield a symmetrical decay; however,
when one considers the transmission of electrons in this energy range
through the comparable thicknesses of other materials, the linear decrease
in the number of transmitted electrons with depth appears to be a
reasonable assumption (Ref. 19). 1In general, one finds a somewhat less
than linear decrease near the irradiated surface. The possibility of
secondaries from the electrode being injected into the polyethylene
terephthalate could increase the number of electrons trapped near the
irradiated surface such that the overall distribution is more uniform

than one might expect based upon the transmission of primary electrons
alone.

The contribution of secondary electrons from the irradiated electrode
to the net charge distribution in the polyethylene terephthalate film was
further identified by the results shown in Fig. D-3. A sample was pre-
pared in the usual manner with 500 A electrodes and irradiated with 16 kev

electrons. The beam current density was 5 x 10~ -8 amperes/cmz. After ob-
serving the trapped charge decay, the irradiated electrode thickness was 1000 A

2000 A 5000 A 7000 A and 10,000 A and the sample irradiated with 16 kev

electrons and a beam current density of 5 X 10-8 amperes/cm2 at each
thickness. The measurement was repeated at each thickness and the repro-
ducibility was well within the sensitivity of the measuring technique.
The results indicate that while the number of primaries entering the
polyethylene terephthalate decreased due to the increased aluminum
electrode thickness, the transfer of external charge initially increased
and subsequently decreased with increasing electrode thickness. This
initial increase can be explained in terms of the secondary yield ‘from
the exit gide of the irradiated aluminum electrode. Secondary yield has
been correlated with the energy dissipation density at the exit surface
(Ref. 8), For electrons in the energy range of interest, the energy
dissipation function in aluminum has a maximum at approximately one-fourth
the practical range of primary electron (Ref. 20). For a 16 kev electron
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Figure D-3. External charge transfer as a function of time for irradiated
aluminum electrode thickness indicated.
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in aluminum, this maximum occurs at approximately 7000 A. The increased
secondary yield is at the expense of the number of primary electrons
transmitted through the aluminum electrode; therefore, the electrode
thickness which will yield the maximum number of electrons injected into
the polyethylene terephthalate will be less than or equal to 7000 A de-
pending upon the rate of increase in the number of secondaries and the
rate of decrease of the number of primaries with increasing electrode
thickness. Other factors which can affect the net charge distribution
are the secondary electron yield from the irradiated polyethylene
terephthalate and the diffused energy spectra of the electron beam
transmitted through the electrode., These eftects would decrease the
external charge transfer with increasing electrode thickness. Therefore,
the results of Fig. D-3 are consistent with the expected behavior when
one considers the net charge in the polyethylene terephthalate due to
primary and secondary electrons.

The dependence of the external charge transfer on the energy of
the primary electron in Fig. D-2 can be interpreted in terms of the
practical range corresponding to the various energies and the change
in the number of primary and secondary electrons injected into the
polyethylene terephthalate, To indicate this dependency, consider
the net charge distribution to be uniform from the irradiated surface
to the practical range. Furthermore, for primary electron energies less
than the energy corresponding to the maximum transfer of external charge,
assume that all the electrons thermally released from traps arrive at
the irradiated electrode without being retrapped. Since all the surface
charge on the unirradiated electrode must be transferred through the
external circuit, the limiting value of the external charge is

2
_ r
Quye = 9 0y 37 (>-1)

where A is the irradiated area, r is the practical range of the primary
electrons, £ is the thickness of the polyethylene film and n, is the

electrons per cm? in traps. Since the trapped electron distribution
extends through approximately one-half the thickness of the polyethylene
terephthalate for the maximum external charge transfer, some of the
thermally released electrons should reach the unirradiated electrode.
Therefore, Eq. (D-1) will only provide an estimate of the minimum value
of trapped charge for the uniform distribution. Using Eq. (D-1), the
minimum value for the total space charge for the 10, 12, and 14 kev

irradiations is approximately 7.5 X 10-8 coulomb, The irradiation *
charge for each run was 1.5 X 10-5 coulomb.

External charge transfer during the thermal release of trapped
electrons was investigated at 14 kev using irradiation times from 30

seconds to 30 minutes at a fixed beam current of 5 X 10'8 amperes/cmz.
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The results are shown in Fig. D-4, The salient feature of these results
is that Qext(t)a loge t for some portion of each measurement. The time

interval over which the relationship holds increases as the irradiation
time is increased. One can attempt to explain these observations by
(1) asymmetry changes in the charge distribution, (2) the release of
electrons from traps or (3) a combination of trap release and asymmetry
changes.

For a distribution of trapped electrons which varies with distance
through the media and is uniform over the irradiated area, a one dimen-
sional solution of Poisson's equation

EED - 45,1 (-2)

describes the electrical field within the material where n(x,t) is the
excess charge concentration. For a thickness £ and the electrodes
grounded, the zero field point x* can be determined for a given distri-
bution n(x,t) by

£ x

[ f n(X,t)dxdx = 0 . (D-3)

The surface charge density at the electrode can be expressed as

«/
o(x’,t) = D(x’,t) = - cE(x’,t) = - q [ n(x, t)dx (D-4)
x*(t)

where the upper limit corresponds to the electrode of interest. As
the space charge decays, a change in surface charge can result in a
charge transfer through the external circuit. If the space charge
on both sides of the zero-field point decays symmetrically in time,
there will be no external transfer of charge between the electrodes.
However, if the decay results in net charge pairs on the electrodes,
external charge transfer will occur and can be expressed in terms of
the moving zero-field point, The transfer of external charge can be
expressed as (Ref. 17)

dQ . (t) = gAn (x*, t)dx* . (D-5)

The difficulty in applying Eq. (D-5) involves the distribution
n(x*, t),

The release of electrons from traps can result in an external
charge transfer which has the time dependence shown in Fig. D-4, For
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Figure D-4. External charge transfer as a function of time for the
indicated irradiation period.
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trapping sites which are distributed in energy such that a continuous

function can be used to denote the number per cm3 per electron volt
below the conduction levels, it has been shown that the total charge

in traps will decay at a rate which is inversely proportional to the
elapsed time if one excludes very short and very long times (Refs. 17
and 21). This assumes that retrapping is a second order effect during
space charge decay. If the time dependence of external charge transfer
is to be the same as that for the trapped electron distribution, the
space charge symmetry during decay must respond such that

nt(x,t) « [ nx*, t)dx* . (D-6)

However, one cannot readily justify an assumption based upon Eq. (D-6)
that will apply during the entire space charge decay.

The model for space charge decay can be extended to include the
movement of the zero field point as the space charge redistributes.
Assuming that the initial distribution of trapped electrons is uniformly
distributed from the irradiated electrode to the practical range of the
primary electrons, the space charge decay can be represented to a first
approximation as shown in Fig. D-5. In the space charge region where
the trapped electron concentration predominates in Eq. (D-2), the change
in the free electron concentration is determined by the drift of free
carriers as well as the emptying and retrapping of the electrons. If
the charge in traps is much greater than the free carrier concentra-
tion and the rate of trap emptying is much greater than the rate of re-
trapping, the net charge distribution will remain essentially independent
of distance during space charge decay.

In the region beyond the practical range, the electric field is
initially constant and the transport of electrons depends upon the
excess carrier concentration. The space charge redistribution in this
region will occur through the thermal release of electrons in the
space charge region between the zero field point and the practical
range and retrapping beyond the practical range, If the rate of trapping
is much greater than the rate of emptying for deep traps in the region
where the electric field is essentlally constant, the space charge
redistribution will be primarily trap controlled. The space charge is
not expected to redistribute with the abrupt front. However, the present
analysis will assume that the trapping occurs such that the space charge
distribution is independent of distance in this region throughout space
charge decay. This is a good approximation if the mean distance traveled
by the thermally released electrons is small compared to the extent of the
space charge region. If all the thermally released electrons in the region
between the zero field point x* and the extent of the space charge region
r are retrapped within Ar one obtains

dn (x*) - n (x*) (0-7)

dr r - xkx °
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Figure D-5.

The assumed trapped charge distribution during the initial
space charge decay.
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Integration of Eq, (D-3) relates the zero field point to the extent of
the space charge region and

2
x* =r - %I (D-8)

Combining Eqs. (D-7) and (D-8) results in the expression

) _ 1/2 -1
d“g:l - . 2GR [ZE* + (1 - F (1 . B -1 ] .(D-9)

The expression in brackets represents the way in which the movement
of the zero field point affects the kinetics and magnitude of the
external charge transfer., The magnitude of this expression for zero
field points of interest is shown in Fig. D-6. Introducing Eq. (D-9)
in Eq. (D-5) one obtains

dQ,  (t) = - qA £ EG)dR(xY)

where

1/2
(F) [ b-ER-F) ] 0w

Assuming the space charge region is uniformly distributed from the

irradiated electrode to the practical range of the primary electrons,
the initial values of interest in Fig. D-6 for the 14 kev irradiation
are r/f = 0.58 and x*/{ = 0.41. For zero field point movement in the

range 0.41 < x*/4 < 0.48 integration of Eq. (D-10) can be approximated
by

Q. (6) ~ ﬂﬁ—f[n(fi - 0.41) ] ﬁ(x*)] . (B-11)

However, for the assumed model n(x*) = nt(t) and

=&

Qe () ~ n_(t) (D-12)

r

where nr(t) is the number of electrons released from traps per cm3.

This approximation applies only for the time interval where x*/{ < 0.48
and r/f < 0.8. Over this time interval, the trapped charge density has
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Figure D-6. A plot of the functional relationships in é€quations D-8 and D-10.
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decreased such that n(x*/£ = 0.41) ~ 2.7 n(x*/{ = 0.48) using Eq. (D-9).
For the 30 minute irradiation in Fig. D-4,

Q. (£) = 5.4 % 1077 1n (t/60) 60 <t <2x 10> . (D-13)
Introducing this observation into Eq. (D-12) yields
14 3
nr(t) = 7.5 x 107" 1n (t/60) 60 <t <2 x 10 (D-14)

for the assumed model of space charge decay. Using

14 3

n_(£) =n (60) - n (t) =7.5x 10" 1n (£/60) 60 <t <2x 10" (D-15)

and that over the time interval 7 where the release kinetics predominate
nt(60)/nt(r)'§ 2.7 a minimum value for nt(60) can be obtained. Since

Eq. (D-13) holds for 60 < t < 2 X 103, one can choose 7 = 2 X 103 such
that nt(60) >4 X 1015 electrons/cm3 or a total space charge greater
than 2 x 107/ coulomb.

For the assumption of uniform net charge density from the irrad-
iated surface to the practical range (r) of the primary electrons, the
minimum value for the trapped electron density can be used in conjunction
with Poisson's equation to obtain a lower limit for the internal electric
field at the irradiated surface of the polyethylene terephthalate film.
“em d=6x 10" cm, nt24><1015
electrons/cm>, € = 2.83 x 10- farad/cm yields |xax =0|>5.1x10

Using the values r = 3 x 10°
5

volts/cm., Using the 30 minute irradiation in Fig. D-4, the minimum
trapped electron density from Eq. (D-1) is n, > 1.6 x 1015 electrons/cm3
and |Ex =0|>2x 10° volts/cm. This is approximately an order of
magnitude smaller than published values of the field strength (Ref, 22).

It has been possible to gain some confidence in these values of
internal electric field using an applied voltage and observing the cur-
rent flow before irradiation, during irradiation and after irradiation.
With no bias applied, the current flow after irradiation has ceased is
in a direction such that the irradiated electrode is negative with respect
to the unirradiated electrode. An external dc bias was applied to the
polyethylene terephthalate capacitor in a manner to oppose the current
flow due to space charge decay. At various bias levels, the capacitor
was irradiated with 14 kev electrons for 15 minutes at a current density
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of 5 X 10-8 amperes/cmz. For a bias less than 350 volts, the current
flow immediately after irradiation ceased was in the direction consis-
tent with space charge decay to the irradiated electrode for zero bias.

After approximately 103 seconds, the current flow was in a direction
consistent with the applied dc bias. However, for a bias greater than
350 volts, the current flow was in the direction determined by the

applied bias. For the 6 X 10'4 cm polyethylene terephthalate the
applied electric field necessary to overcome the space charge effect

is approximately 5.8 X 105 volts/cm for the 15 minute irradiation.

The reproducibility for the measurement of trapped irradiation
electron decay provides additional information about the present work.
In general, the variations from sample to sample for the measurement
of external charge transfer were greater than the estimated experimental
error. However, the results for each sample were qualitatively consis-
tent with those shown in Figs. D-2, D-3, and D-4 which are for three
different samples. The reproducibility of the charge release measure-
ment for repeated irradiations of a given sample depended upon the
number of times the particular sample had been irradiated. For the
initial irradiations on a newly prepared sample, charge release
measurements were not consistent with the measurements obtained from
subsequent irradiations. However, after the initial irradiatioms, the
reproducibility of the charge release measurements were within the
estimated experimental error. This dependence suggests that the
trapping sites are radiation induced.
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